Specific Hg2+-mediated perylene bisimide aggregation for highly sensitive detection of cysteine by Ruan, Yi-Bin et al.
Specific Hg
2+
-mediated perylene bisimide aggregation for highly
sensitive detection of cysteinew
Yi-Bin Ruan, Ai-Fang Li, Jin-Song Zhao, Jiang-Shan Shen and Yun-Bao Jiang*
Received 28th March 2010, Accepted 10th May 2010
First published as an Advance Article on the web 3rd June 2010
DOI: 10.1039/c0cc00630k
Hg2+ was found to specifically induce the aggregation of
perylene bisimide in a ‘‘thymine–Hg2+–thymine’’ binding motif
and the resultant aggregates showed a highly selective and
sensitive turn-on fluorescence response for cysteine, with a
detection limit down to 9.6 nM.
Thiol–containing amino acids as important structural and
functional components of many proteins and enzymes play
crucial roles in biological systems.1 They are indicators of
diseases like Alzheimer’s, AIDS and cancers.2 A rapid, sensitive
and selective analysis of thiol–containing amino acids is therefore
highly demanded. Among the reported methods, ‘‘turn-on’’
fluorescent chemosensors or chemodosimeters have attracted
much attention for their high sensitivity and great potential in
biological imaging. Most of them rely on covalent interactions
through Michael–addition, Ellman’s reagent and aldehyde
transformation to thiazolidines or thiazinanes,3–6 thereby
requiring synthetic effort and a responding time. In contrast,
‘‘chemosensing ensemble’’ formed via non-covalent inter-
actions appears to be a powerful sensing platform for
thiol–containing aminoacids.7 For example, Li et al.7a proposed
an anthracene–Cu2+ based fluorescent competition assay for
thiol–containing amino acids and peptides; Wang et al.7f
recently reported a sensitive and selective sensing platform
for biothiols based on the recovered fluorescence of QDs by
detaching Hg2+ from the surface of QDs–Hg2+ ensemble; and
aggregated gold nanoparticles were also utilized in colorimetric
sensing of cysteine (Cys).7c,g These chemosensing ensembles in
general contain a thiophilic metal cation such as Hg2+ or
Cu2+ that interacts with the thiol species leading to the
dissociation of the ensemble and thus enabling thiols signaling.
Perylene bisimide (PBI) represents a robust class of fluoro-
phore with high quantum yield, good photostability and
strong aggregation tendency.8 When monomers are arranged
in a face-to-face fashion, forming the H-aggregates, an efficient
fluorescence quenching occurs, together with a hypsochromic
shift of the absorption band.9f Referring to the structure of
PBI (Scheme 1), we noted that it contains imide groups that
are similar to the binding site of thymine (T) for Hg2+ for the
well-known ‘‘T–Hg2+–T’’ structure that has been extensively
employed in constructing Hg2+ sensing systems.9 We therefore
envisaged that Hg2+ may induce aggregation of PBI via a
‘‘T–Hg2+–T’’ like binding motif and the resulting aggregates
could similarly serve as the sensing ensemble for thiol containing
species. The basic principle of this sensing protocol for Cys as
an example is depicted in Scheme 1. In the presence of Hg2+,
the modestly fluorescent PBI monomers will form linear
complexes via the ‘‘T–Hg2+–T’’ binding mode that further
aggregate, leading to fluorescence dramatically quenched
aggregates.9f Upon introducing Cys or other thiol species,
the Hg–imide interaction will be replaced by that of Hg–S,7c
resulting in the dissociation of ‘‘PBI–Hg’’ aggregates and the
recovery of the fluorescence.
Because of the strong hydrophobicity of the aromatic ring
and intermolecular hydrogen bonding interactions, PBI is
hardly soluble in H2O, but slightly in DMF with a solubility
of ca. 67 mM. With increasing water content in DMF, PBI
monomers increasingly formed H-type aggregates, the fluores-
cence being dramatically quenched (Fig. S1 in ESIw). Similar
behaviour was observed with increasing [PBI] in 9 : 1
DMF–H2O (v/v, Fig. S2w). Under optimal conditions experiments
were performed in 9 : 1 DMF–H2O at [PBI] of 0.33 mM, in
which the fluorescence spectrum showed typical monomer
emission centered at 532 nm, whereas the appearance of an
absorption band at 570 nm suggested the occurrence of PBI
aggregation already under this condition (Fig. S3w). This
observation agrees with the fact that the PBI monomer is
fluorescent whereas its H-type aggregates are not. Fig. 1a
shows the fluorescence spectra of PBI in the presence of
Hg2+. With increasing Hg2+ concentration, fluorescence at
532 nm gradually decreased and was almost completely
quenched at [Hg2+] of 100 nM. This could be assigned to
Hg2+ induced H-aggregation of PBI.9f Refer to the
T–Hg2+–T binding motif9 and the bitopic character of PBI,
Scheme 1 Scheme of Hg2+ induced aggregation of PBI and
aggregate dissociation in the presence of cysteine.
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formation of linear Hg2+–PBI coordination polymers was
expected (Scheme 1) and the latter could further aggregate
due to strong p  p interaction. IR spectra (Fig. S4w) did
indicate the deprotonation of the –NHs of PBI in the presence
of Hg2+. Changes in the absorption and fluorescence
spectra after addition of Hg2+ in DMF (Fig. S5w) were also
characteristic of the H-aggregation of PBI. Actually Hill plot
indicated a cooperative interaction of Hg2+ with PBI (Hill
coefficient 2.3, Fig. S6w),10 which was also supported by the
observed superquenching of Hg2+ to the fluorescence of PBI
with an extremely high quenching rate constant at 1016 M1 s1
order of magnitude (fluorescence lifetime of PBI in 9 : 1
DMF–H2O measured to be 4.7 ns).
11 A signal amplification
for Hg2+ sensing was therefore expected.10,11 Indeed, Fig. 1
indicates that 5 nM Hg2+ can be easily detected.
Thymine is known to highly selectively bind to Hg2+.9 As
an analogy of it, PBI with similar binding sites may retain this
selectivity. To verify this assumption, we examined the spectral
response of PBI to Hg2+ (500 nM) and other metal ions such
as Ba2+,Ca2+, Mg2+, Ag+, Cd2+, Cu2+, Fe2+, Fe3+, Ni2+,
Pb2+ and Zn2+ at 2.5 mM. Fig. 2 shows that only Ag+ and
Fe3+ result in a slight fluorescence quenching, whereas others
cause practically no change. Competition experiments also
suggested little interference from other co-existing metal ions
in 5 equivalents of Hg2+ (Fig. S7w). This demonstrated a high
binding selectivity of PBI to Hg2+. The imide group in PBI
was therefore shown to be the specific binding site to Hg2+ as
that in thymine,9 which would substantially expand the structural
diversity of selective sensors for Hg2+ that the imide group
may at large be considered as a selective binding site for Hg2+
leading to the ‘‘T–Hg2+–T’’ like binding motif.
Since chemosensing ensembles in many cases involve
non-specific metal–ligand interactions, false output can be
observed when other metal cations are present too. The high
sensitivity and more importantly the high selectivity of PBI
toward Hg2+ therefore endow this chemosensing ensemble to
be an excellent sensing platform for thiol–containing amino
acids. To reduce the fluorescence signal background, 100 nM
Hg2+ was added to 0.33 mM PBI solution in 9 : 1 DMF–H2O,
in which more than 90% of the PBI fluorescence was
quenched. Fig. 3a displays the fluorescence spectra of PBI–Hg
ensemble in the presence of Cys. With increasing Cys concen-
trations, the fluorescence restored and leveled off at [Cys] of
1.0 mM (Fig. 3b). Because of the much stronger Hg–S inter-
action compared to that of Hg–N,9c the non-fluorescent
Hg2+–PBI H-aggregates dissociated into monomers in the
presence of Cys, which was indicated by the fluorescence
enhancement. Fig. 3b shows a linear relationship between
fluorescence intensity and [Cys] over 0.05–0.3 mM, with a
detection limit (3s/k) of 9.6 nM, which is comparable to, or
slightly better, than those of the most sensitive methods
hitherto reported for cysteine detection.7 The slightly sigmoidal
profile of the fluorescence intensity over [Cys] of 0.05–0.9 mM
indicates a cooperative dissociation, which was supported by
the Hill’s plot that gave a Hill coefficient of 1.4 (Fig. S8w).10
Again, a signal amplification may occur that also contributes
to the high sensitivity for Cys.
The selectivity of PBI–Hg ensemble for Cys was confirmed
by screening the other 19 natural aminoacids, and cystine
(Cyss), homocysteine (HCys), reduced glutathione (GSH),
dithiothreitol (DTT), mercaptoacetic acid (MAA) and
2- mercaptoethylamine (MEA) at 1 mM. Results presented in
Fig. 4 and Fig. S11–S13w show that only thiol–containing
amino acids and other thiol species result in obvious fluorescence
enhancement whereas others exert no influence. Thioether
Fig. 1 Fluorescence spectra of PBI in the presence of increasing
concentration of Hg2+ and (b) plot of fluorescence intensity at 532 nm
versus Hg2+ concentration. [PBI] = 0.33 mM, lex = 484 nm.
Fig. 2 Fluorescence quenching ratio I/I0 at 530 nm after addition of
500 nM Hg2+ and 2.5 mM other metal ions. [PBI] = 0.33 mM,
lex = 484 nm.
Fig. 3 (a) Fluorescence spectra of PBI–Hg in the presence of increasing
concentrations of Cys and (b) plot of fluorescence intensity at 532 nm
versus Cys concentration. [PBI] = 0.33 mM, [Hg2+] = 0.10 mM,
lex = 484 nm.































































(Met) and disulfide (Cyss) were also found to exert negligible
influence. Li et al.12 recently reported a selective colorimetric
sensing of histidine based on Cys modified silver nanoparticles
and Hg2+. However, in our protocol histidine exerts practically
no influence (Fig. 4), which suggests an improved selectivity
for thiol species of the protocol.
In conclusion, we found that Hg2+ highly selectively bound
to PBI that bears an imide group similar to that of thymine
and specifically induced aggregation of PBI that led to a
dramatic quenching of PBI fluorescence, thereby allowing
for a sensitive and selective Hg2+ sensing and, more importantly,
affording a non-fluorescent chemosensing ensemble ‘‘PBI–Hg’’
for thiol–containing species. Addition of thiol–containing
amino acids to the Hg2+–PBI ensemble solution induced
dissociation of the aggregates and recovery of the fluorescence.
For Cys a detection limit of 9.6 nM was obtained with a linear
response over [Cys] of 0.05–0.3 mM. It is therefore a sensory
system that works for both Hg2+ and thiol–containing species.
Since both the aggregation and disaggregation processes are
cooperative, high sensitivity and selectivity were observed.
This is the first report that shows that the imide group other
than that of thymine could highly selectively bind to Hg2+ via
a similar ‘‘T–Hg2+–T’’ motif. Hopefully this finding would
lead to broad applications for developing Hg2+ chemosensors
and related systems.
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